The LINC Between the Nucleus and the Cytoskeleton
=================================================

The NE separates the nucleoplasm from the cytoplasm in eukaryotic cells and generates the spatial and functional compartmentalization essential for the maintenance and processing of genetic information. The cellular role of the NE, however, extends far beyond its function as a physical barrier. As an integral element of cellular architecture, the NE impacts on cytoskeleletal structure and chromatin organization, and NE components regulate gene expression, signal transduction and cell cycle progression.[@R1]^,^[@R2] The physiological role of the NE becomes evident in a number of genetic diseases, referred to as nuclear envelopathies or laminopathies, which are caused by mutations in genes of NE proteins. Nuclear envelopathies commonly manifest in dystrophic, degenerative or premature aging syndromes. In most cases, pathogenesis is still poorly understood, but it likely involves both structural and regulatory dysfunction of the NE.[@R3]

The NE is a double membrane associated with various protein complexes. The INM and the ONM enclose the perinuclear space (PNS), an evenly-spaced luminal compartment continuous with the lumen of the endoplasmic reticulum (ER). The NE is bridged by two types of elaborate, multi-subunit protein complexes, namely nuclear pore complexes (NPCs) and LINC complexes, both of which are highly conserved throughout evolution.[@R1]^,^[@R2] NPCs decorate the sites of fusion between the INM and the ONM and generate aqueous pores in the NE, which guide the selective exchange of molecules between the nucleoplasm and the cytoplasm.[@R4]

LINC complexes establish the physical connection between the nucleus and the cytoskeleton. They are built from SUN and KASH domain proteins, TM proteins of the INM and the ONM, respectively. In the nucleoplasm, SUN domain proteins engage in a network of INM proteins, chromatin and the nuclear lamina, an intermediate filament mesh that lines and supports the INM in metazoan cells. In the cytoplasm, KASH domain proteins bind to cytoskeletal elements, like actin, intermediate filaments and microtubule motors. The hallmark of the LINC complex, however, lies in the lumen of the NE, where the conserved SUN and KASH domains interact. Thereby, the complexes bridge the NE and connect the structural elements of the nucleus and the cytoskeleton. SUN-KASH complexes are thought to serve as handles in the NE, which bear or transmit both cytoskeleton and chromatin-derived forces.[@R5]^-^[@R7]

Consistently, functions of LINC complexes involve mechanical action and crosstalk between the two sides of the NE, such as during nuclear anchorage and migration,[@R5]^,^[@R7] or in meiotic chromosome movements.[@R6] Based on their central position in cellular architecture and function, SUN and KASH domain proteins are essential for development, differentiation and reproduction.

The Molecular Architecture of the LINC Complex
==============================================

It has long been suggested that SUN domain proteins form oligomers. This idea was based on the prediction of coiled coil elements preceding the C-terminal SUN domain in the luminal part of all typical SUN homologs ([Figs. 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}) ), as well as on the oligomerization of the coiled coil region of human SUN1 in vitro. An organization of SUN domain proteins as homo- or heterodimers had been widely assumed.[@R5]^-^[@R7]

![**Figure 1.** Typical SUN domain proteins. Typical SUN domain proteins contain one TM region (red). Their N-terminal portions localize in the nucleo/cytoplasm, while their C-terminal portions, consisting of a coiled coil region (blue) and the conserved SUN domain (orange), are exposed to the lumen of the NE/ER. TM regions, coiled coils and SUN domains are indicated based on bioinformatic predictions (TMHMM2, parcoil2, prosite), literature and visual comparison of homologs. Note that additional hydrophobic stretches or potential TM regions are present in most SUN domain proteins, but have been omitted from the scheme for clarity. Further, although only short coiled coil elements are predicted (solid blue), it is conceivable that the entire luminal region preceding the SUN domain forms one continuous coiled coil (blue shadow, length indicated).](nucl-4-29-g1){#F1}

![**Figure 2.** Atypical SUN domain proteins. Besides the typical SUN domain proteins, an unusual second subfamily exists. This subfamily is also highly conserved throughout evolution and includes, for instance, human SUCO/C1ORF9, *Saccharomyces cerevisiae* Slp1 (SUN-like protein 1) and several plant homologs like *Zea mays* SUN4. Interestingly, ZmSUN4 has recently been shown to concentrate in the nuclear periphery in maize.[@R60] The domain structure of this type of SUN domain proteins is strikingly different to the conventional one. The SUN domain is located in the middle of the protein instead of at the C terminus and is followed---and not as usual preceded---by a putative coiled coil region. Further, the proteins are potentially membrane-anchored at both their N and C termini and might thus form NE bridges independently of binding partners. Presently, it is unclear if these atypical SUN domain proteins interact with KASH-like peptides and whether they function in force transduction, NE spacing or membrane fusion. Most likely, however, their distinct domain structure, i.e., the inverse order of SUN domain, coiled coils and membrane anchor, might reflect a unique role of these proteins in the NE. TM regions, coiled coils and SUN domains were predicted as in [Figure 1](#F1){ref-type="fig"}. A novel type of SUN domain proteins in the nuclear envelope.](nucl-4-29-g2){#F2}

The first crystal structures of a SUN domain protein, human SUN2, therefore bore some surprise: SUN2 is a trimer ([Fig. 3](#F3){ref-type="fig"}).[@R8]^,^[@R9] The shape of the complex resembles a lollipop, with the three SUN domains forming a globular head, from which the N-terminal extensions of the domains emanate as a helical stalk. The stalk folds into an unusual, right-handed, trimeric coiled coil. A conserved salt bridge between the stalk and the SUN domains holds the two elements in a rigid orientation and may serve to organize the spatial arrangement of the globular head. In fact, the trimeric organization of SUN2 is the essential prerequisite for the assembly of LINC complexes. Isolated SUN domains lacking their helical extensions are monomeric in solution and are deficient in recruiting KASH domain proteins both in vitro and in vivo.[@R8]

![**Figure 3.** The SUN-KASH complex. LINC complexes are hexamers. Three KASH peptides (yellow, orange, green) bind to the subunit interfaces of a SUN domain trimer (shades of blue), where they are tightly anchored by the binding pocket and the KASH lid of the SUN domain. Presentations were generated for the human SUN2/KASH2 complex (PDB 4XDS).](nucl-4-29-g3){#F3}

The significance of SUN trimerization is immediately evident in the mode of SUN-KASH interaction. KASH domain proteins are tail-anchored proteins that contain a short luminal portion of 20--30 residues, the KASH peptide, which directly contacts SUN.[@R10]^,^[@R11] Crystal structures of SUN2 in complex with the KASH peptides of either nesprin-1 or -2 have revealed the molecular details of their interaction ([Fig. 3](#F3){ref-type="fig"}). SUN and KASH associate with 3:3 stoichiometry. Importantly, the KASH peptides are accommodated at the interfaces of adjacent SUN domain subunits, clearly illustrating how their binding sites can be shaped only by the trimeric arrangement of SUN.[@R8] Note that this principle mode of SUN-KASH binding, as first reported by Sosa et al.,[@R8] has recently been confirmed by Wang et al.[@R12]

The KASH peptides act as the molecular glue of the LINC complex ([Fig. 3](#F3){ref-type="fig"}). Each peptide is buried in an extended binding groove at the interface of two subunits and engages in multiple contacts with both neighboring SUN domains. The C terminus of the peptide is anchored in a tailor-made binding pocket on the SUN domain with its terminal carboxyl group forming hydrogen bonds to conserved binding pocket side chains. A stretch of three conserved proline residues in the terminal PPPX motif of the peptide helps to orient the carboxyl into the binding pocket. SUN-KASH interactions do not tolerate any interference with this terminal anchorage mechanism as evident from both in vitro and in vivo binding studies.[@R8]

The central part of the KASH peptide is clamped between the "KASH lid," a β-hairpin extension of the SUN domain and the core of the neighboring SUN subunit ([Fig. 3](#F3){ref-type="fig"}). The peptide backbone and the \'KASH lid\' form a joint β-sheet, and hydrophobic peptide side chains in this region are buried in deep binding clefts formed between the SUN domain subunits. Besides the terminal binding pocket, the "KASH lid" adds the second essential and conserved contribution to SUN-KASH interaction.[@R8]

In addition, many metazoan LINC complexes seem to contain a customized safety lock. Complexes of human SUN1 or SUN2 and nesprins are covalently linked via intermolecular disulfide bonds. The bonds are formed between a cysteine residue in the N-terminal, membrane-facing part of the KASH peptide and a cysteine on the SUN domain. At both positions, cysteines are conserved throughout a range of metazoan homologs suggesting that the covalent linkage has been preserved during evolution. However, the disulfide bond does not seem to be required for the association of SUN and KASH domain proteins per se.[@R8] Rather, it may represent a backup mechanism to prevent the disruption of complexes under peak force loads. Alternatively, the covalent linkage of SUN and KASH may serve to regulate the dynamics of SUN-KASH association or the turnover of the proteins.

The LINC Complex and Force Transduction
=======================================

The extensive network of non-covalent and covalent contacts between SUN and KASH domains, in combination with the binding avidity gained by the association of three KASH peptides with each SUN trimer, suggests a highly stable complex. The hexameric assembly appears, in fact, ideally suited to bear and transmit forces on the NE.

During processes like nuclear migration or chromosome movement, however, LINC complexes likely do not act as individual units, but organize into higher-order structures. The most striking description of a regular, higher-order assembly of LINC components stems from fibroblasts studied in wounded cell monolayers. In preparation for cell migration, fibroblasts polarize by rearward movement of their nucleus, which is dependent on retrograde actin flow and its coupling to the NE via LINC complexes. During this nuclear movement, SUN2 and nesprin-2---normally distributed homogenously throughout the NE[@R11]^,^[@R13]---were shown to organize into linear arrays aligned with actin cables, which were termed TM actin-associated nuclear (TAN) lines.[@R14]

Another deviation from the usual homogenous NE distribution of mammalian LINC components is observed in meiotic cells. A complex between SUN1 and the germ cell-specific KASH domain protein KASH5 seems to be dedicated to a role during the prophase of meiosis.[@R15]^,^[@R16] The LINC complex serves to tether the telomeres of the meiotic chromosomes to the NE, which is thought to facilitate meiotic prophase-specific chromosome movements and to assist the pairing and recombination of the homologs.[@R15] During this process, SUN1 and KASH5 were shown to cluster at the sites of telomere attachment to the NE.[@R15]^,^[@R16] In contrast to SUN1, SUN2 is dispensable for the progression of meiosis.[@R15] Nevertheless, SUN2 is expressed in meiotic cells and has been detected at telomere attachment sites,[@R17] indicating that it may participate in the formation of meiosis-specific higher-order LINC assemblies.

It is well conceivable that LINC complexes form permanent or transient higher-order structures also in other cell types, which could so far not be resolved by conventional imaging techniques. Their organization may be established by oligomerization of KASH domain proteins,[@R18] or may be mediated via nucleo- or cytoskeletal interaction partners, such as actin filaments[@R19]^-^[@R21] or the nuclear lamina.[@R10]^,^[@R22] Higher-order structures of LINC complexes may be flexible and adapted to dedicated functions, as suggested for TAN line formation.[@R14] Importantly, networks of SUN and KASH domain proteins in the NE could potentiate the force load, which the complexes can withstand. LINC complexes in the NE might thus function in nucleo-cytoskeletal force transduction analogous to integrins in the plasma membrane, which assemble in focal adhesions to transmit forces between the extracellular matrix and the cytoskeleton.[@R23]

The mechanical coupling between the nucleus and the cytoplasm can directly be assessed by analyzing changes in nuclear structure and shape upon the application of forces to either the cytoplasm or to the cell surface.[@R24] A role of LINC complexes in the mechanical coupling of cellular compartments has been demonstrated in several experimental setups, supporting the idea that nucleo-cytoskeletal force transduction is a general principle of LINC complex function[@R25]^,^[@R26] Elucidating the contributions of the characteristic molecular features of the SUN-KASH assembly in dedicated assays may in future provide insight into the mechanisms of intracellular force transduction and the basis of fundamental cellular processes.

The LINC Complex and Nuclear Membrane Shape
===========================================

The physiological role of the LINC complex, however, may go far beyond these relatively well-characterized tasks. The molecular architecture of the complex, together with its integral position in the NE, suggests important functions in membrane shaping and organization. By spanning the double membrane of the NE, assemblies of SUN and KASH domain proteins may be critical to generate and/or maintain the characteristic shape of the nuclear membrane system. Indeed, observations by electron microscopy indicate that the even spacing of the nuclear membranes is lost upon the co-depletion of SUN1 and SUN2 from HeLa cells, giving rise to dilations of the ONM and irregular expansions of the PNS.[@R10]

LINC complexes may in fact serve as the molecular rulers, which set the distance between the INM and the ONM.[@R8] When the luminal region of SUN2 preceding the SUN domain is extrapolated as a continuous and extended, trimeric coiled coil, it reaches a length of \~45 nm.[@R27] Together with the globular SUN domain assembly, the entire luminal portion of SUN2 would thus span a distance of \~48 nm, fitting strikingly well the observed spacing of the nuclear membranes in mammalian cells ([Fig. 4](#F4){ref-type="fig"}).[@R28] Importantly, domain organization and size of the luminal parts are conserved between SUN1 and SUN2 ([Fig. 1](#F1){ref-type="fig"}). Although it cannot be excluded that they simply represent adaptions to a given membrane distance, the existing experimental evidence clearly points toward an active and collaborative role of LINC complexes in shaping the mammalian NE.[@R8]^,^[@R10]

![**Figure 4.** The LINC complex as a nuclear membrane spacer. SUN and KASH domain proteins (blue and yellow) are TM proteins of the INM and the ONM, respectively. SUN-KASH complexes may serve as nuclear membrane spacers and determine the regular shape of the NE. Observed INM-ONM distances in mammalian cells fit well the luminal sizes of both SUN1 and SUN2 given that their coiled coil regions form continuous and extended structures. Analogously, other LINC complexes might determine the spacing of the nuclear membranes in different cell types or species.](nucl-4-29-g4){#F4}

But is this function limited to SUN1 and SUN2? Or may SUN domain homologs in other cell types and organisms fulfill a similar task? Besides SUN1 and SUN2, the mammalian genome encodes at least three further SUN domain proteins ([Fig. 1](#F1){ref-type="fig"}). In sharp contrast to the ubiquitous expression of the former,[@R10] SUN3--5 are highly tissue-specific and almost exclusively found in male germ cells.[@R10]^,^[@R29]^-^[@R31] SUN3 was shown to localize to the NE of developing spermatids, where it accumulates in specific regions in the posterior part of the nucleus.[@R29] Its localization corresponds to the contact region between the NE and the manchette, a spermatid-specific, calyx-like microtubule structure that is thought to assist the elongation and compaction of the nucleus during sperm head formation.[@R32] SUN3-containing LINC complexes were suggested to tether the manchette microtubules to the NE, potentially required for the remodeling of the sperm nucleus.[@R29]

Besides SUN3, the fourth mammalian SUN domain family member, known as SUN4 or SPAG4, has also been detected in spermatid-specific microtubule structures.[@R33] Its *D. melanogaster* homolog was shown to focus in microtubule- and centriole-associated regions of the NE during spermatogenesis and was required for the attachment of the spermatid\'s centriole to the nucleus.[@R34] Interestingly, early electron microscopic studies on both rodent and fly spermatids have described dense material, or even rod-like structures, between microtubules and the NE,[@R35]^,^[@R36] which might from our current point of view well be interpreted as LINC complexes.

Although the overall domain architecture is shared between all typical SUN domain homologs, the sperm-specific family members SUN3--5 differ from SUN1 and 2 in some critical aspects. They contain sequence variations in the KASH lid, and the cysteine involved in disulfide-bonding to KASH is not conserved.[@R8] Most strikingly, however, the coiled coil regions in the luminal portions of SUN3--5 are significantly shorter than the ones of their "larger brothers"---80--130 amino acids (aa) compared with \~300 aa in both SUN1 and SUN2 ([Fig. 1](#F1){ref-type="fig"}). Might a close proximity between the INM and the ONM in the sperm nucleus be intended? In electron micrographs of the manchette region, the NE indeed seems narrow---with a width of \~25 nm as estimated from comparison with neighboring microtubules.[@R35] Close membrane coupling might in fact provide particular stability and rigidity to the NE at the posterior pole of the sperm nucleus. It might assist nuclear remodeling during sperm development, or might enable the nucleus of mature spermatozoa to withstand potentially immense cytoskeletal forces generated during sperm movement.

The potential function of LINC complexes in NE organization and membrane spacing may be conserved throughout the evolution of eukaryotes. *C. elegans* and *D. melanogaster* possess SUN domain homologs with similar molecular properties and sub-cellular localizations as mammalian SUN1/2 ([Fig. 1](#F1){ref-type="fig"}),[@R34]^,^[@R37]^,^[@R38] which would thus be well suited to determine NE structure in these organisms. Yeast, however, poses a challenge to the hypothesis. In contrast to the homogenous distribution of most metazoan SUN and KASH domain proteins in the NE, LINC components in both *S. cerevisiae* and *S. pombe* cluster at the spindle pole bodies (SPBs) during vegetative growth.[@R39]^-^[@R43] Nevertheless, a minor pool of both SUN and KASH domain proteins appears to be dispersed throughout the NE in both budding and fission yeast,[@R43]^-^[@R46] which may well be sufficient to tether the INM and the ONM together and to generate the homogenous shape of the nuclear membrane system.

Interestingly, the lengths of the luminal coiled coil regions differ significantly not only between mammalian SUN domain homologs, but also between family members from metazoans and yeast ([Fig. 1](#F1){ref-type="fig"}). While the coiled coils of *S. cerevisiae* Mps3 are with \~250 aa only slightly shorter than the ones of SUN1 and SUN2, *S. pombe* Sad1 contains only \~130 aa between its TM helix and the C-terminal SUN domain. To our knowledge, no direct measurements of INM-ONM distances in yeast have been published. We therefore attempted to estimate values from electron micrographs acquired under conditions optimized for the preservation of nuclear membrane structure,[@R47]^,^[@R48] which obtained INM-ONM distances of \~20 nm for both *S. cerevisiae* and *S. pombe*. This would fit well with the predicted length of the Sad1 coiled coil region, but be too narrow to accommodate an extended coiled coil for Mps3. This discrepancy sheds some doubt on the suggested role of LINC complexes in NE spacing in yeasts. Yet, it is presently unclear whether the entire luminal region preceding the SUN domain adopts a continuous coiled coil structure in all SUN domain proteins.

Taken together, SUN domain proteins may serve as molecular rulers to set the distance between the INM and ONM in a wide range of eukaryotes. Moreover, the composition of LINC complexes might be adapted in certain cell types, or even within specific regions of the NE, to modulate membrane spacing for dedicated functions. Clearly, more systematic analyses of NE structure in different cell types and organisms, and directed experimental approaches will be required to verify a role of LINC complexes in nuclear membrane spacing. Expression and localization patterns of SUN domain proteins and correlations between the lengths of their coiled coil regions and INM-ONM distances may uncover new facets of intra-cellular membrane shaping.

The LINC Complex and Membrane Fusion
====================================

Fundamental cellular processes may rely on the proper structural organization of the nuclear membrane system. The coupling of the nuclear membranes may be particularly important for membrane remodeling and fusion events, such as the breakdown and reformation of the NE during open mitosis in metazoan cells,[@R49] or the assembly of new NPCs during interphase.[@R50] Interphase NPC biogenesis occurs by insertion of new NPCs into the intact double membrane of the NE. A fusion event between the INM and the ONM is thus required to form the aqueous pore.[@R50] Membrane fusion, in general, necessitates a very close proximity of two membranes[@R51]---which at the sites of NPC insertion into the NE might be assisted by LINC complexes that sew INM and ONM together. In line with this, human SUN1 was found to locally cluster around NPCs and to be required for the equal distribution of NPCs in the NE.[@R52] Moreover, it has been proposed that SUN1 assists NPC biogenesis specifically during interphase.[@R53] In vitro studies revealed that the formation of aqueous pores in the NE was prohibited in the absence of SUN1, suggesting a function in the membrane fusion step of NPC biogenesis. Consistently, the assembly of NPCs during NE reformation at the end of mitosis, which could in principle mechanistically differ from interphase assembly and must not necessarily require membrane fusion,[@R50] was unaffected by SUN1 depletion. Transient interactions between the luminal portions of SUN1 and the TM nucleoporin POM121 were suggested to facilitate the fusion between the INM and the ONM, but such mechanism remains to be validated experimentally.[@R53]

Similar to NPCs, the SPBs of yeast are gigantic, multi-subunit protein complexes inserted into the double membrane of the NE.[@R54] SPBs are the main microtubule-organizing centers of yeast cells, and their integration into the NE is critical for the formation of the intra-nuclear spindle during mitosis.[@R55] In *S. cerevisiae*, SPBs are inserted into the NE as a late step of their duplication in G1 and remain embedded throughout the cell cycle,[@R55] whereas SPBs of *S. pombe* become integrated into the NE only temporarily during mitosis.[@R56] Also the insertion of SPBs thus necessitates the fusion between the INM and the ONM and likely poses strict requirements on nuclear membrane structure.[@R54]

Strikingly, LINC complexes are once again found in the center of action. SUN and KASH domain proteins are integral components of SPBs in both budding and fission yeast,[@R39]^-^[@R43] and their importance for SPB structure and function is well established.[@R40]^-^[@R42]^,^[@R57]^,^[@R58] The *S. cerevisiae* SUN domain protein Mps3 has been implicated specifically in the membrane insertion step of SPB duplication. Mps3 was found to influence the lipid composition of the nuclear membranes, potentially by recruiting lipid-modifying enzymes to the NE, which was proposed to modulate physical membrane properties required for SPB insertion.[@R57] For a detailed discussion on the connections between NPC and SPB insertion in yeast, and on potential roles of *S. cerevisiae* Mps3 in these processes, we would like to refer to a recent extra view by Jaspersen and Ghosh.[@R54]

How might fusion of INM and ONM for insertion of NPCs[@R53] and SPBs[@R57] depend on LINC complexes mechanistically? As an underlying principle, LINC complexes may simply generate and/or maintain NE structure, in particular the even spacing of the nuclear membranes. Their molecular architecture---the extended coiled coil region in combination with the robustly coupled SUN-KASH assembly[@R8]---renders the complexes ideally suited for this task. Or might LINC complexes even play a more direct role? Although purely speculative at this point, it is conceivable that SUN-KASH complexes actively mediate membrane fusion. Their molecular architecture bears surprising similarity with membrane fusion complexes from enveloped viruses.[@R59] Both LINC and viral fusion complexes are trimeric protein assemblies, which---at least at certain steps during the fusion process---are anchored in two opposing lipid bilayers. Influenza hemagglutinin and LINC complexes further share their composition of extended, trimeric coiled coils and globular head domains.[@R8]^,^[@R59] Similar to viral fusion complexes, SUN-KASH assemblies might thus employ conformational changes, potentially coupled to association/dissociation cycles, to induce nuclear membrane fusion. However, it is currently unclear whether the extended luminal coiled coil regions of SUN domain proteins are indeed capable of undergoing such changes. Clearly, much remains to be discovered with respect to structure, function and dynamics of these versatile LINCs in the NE.
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